In isolated white matter, ischemic tolerance changes dramatically in the period immediately before the onset of myelination. In the absence of an extrinsic energy source, postnatal day 0 to 2 (P0 to P2) white matter axons are here shown to maintain excitability for over twice as long as axons 4P2, a differential that was dependent on glycogen metabolism. Prolonged withdrawal of extrinsic energy supply tended to spare axons in zones around astrocytes, which are shown to be the sole repository for glycogen particles in developing white matter. Analysis of mitochondrial volume fraction revealed that neither axons nor astrocytes had a low metabolic rate in neonatal white matter, while oligodendroglia at older ages had an elevated metabolism. The astrocyte population is established early in neural development, and exhibits reduced cell density as maturation progresses and white matter expands. The findings show that this event establishes the necessary conditions for ischemia sensitivity in white matter and indicates that astrocyte proximity may be significant for the survival of neuronal elements in conditions associated with compromised energy supply.
INTRODUCTION
Brain ischemia is associated with depletion in the energy and oxygen supply required by all cells to maintain essential functions such as ion homeostasis. In the adult brain, acute ischemia leads to stroke injury while partial ischemia has been linked to a variety of neurological diseases including multiple sclerosis and neurodegeneration. 1 In the developing nervous system, focal and diffuse ischemic injuries to white matter structures are a major cause of developmental neurological pathology with a peak incidence between 20 and 32 post-conception weeks (PCWs). 2, 3 In humans, central myelination starts around the time of birth and the white matter affected in these injuries is therefore premyelinated. The window of clinical susceptibility spans the period when oligodendrocyte precursor cells mature into highly ischemia-sensitive pre-oligodendrocytes (Pre-Ols) 2 as the tissue prepared for the onset of myelination. Mature-phenotype astrocytes populate the intermediate zone from 16 to 18 PCWs, well before the onset of susceptibility to ischemic injury and before oligodendroglial lineage cells start to mature. The white matter astrocytes are rich in glycogen particles, 4, 5 but their significance for injury is unknown.
These observations on human white matter development agree with those from the most fully described white matter animal model, the rat optic nerve (RON). At birth, the RON contains only small diameter pre-myelinated axons, mature-phenotype astrocytes, and a small population of immature glial cells, placing it at a similar developmental point to early human white matter structures. The RON is populated by oligodendrocyte precursor cells from P2 onwards and pre-Ols appear around P5, with myelinating oligodendrocytes present from P7. 6, 7 Axon enlargement is first seen between P2 and P7 and the first axo-glial contacts are reported at P6. In the RON, ischemic conditions modeled by oxygen-glucose deprivation (OGD) produce a pattern of injury with very high tolerance between P0 and P2, while the P3 to P10 RON is resistant to glucose withdrawal but not to OGD. 8 Here, we test various forms of energy deprivation on the ability of the developing RON to maintain action potential conduction and axon structural integrity, focusing on the curious ischemia tolerance present in white matter before the start of axon enlargement (P0 to P2). Several explanations might underlie the high ischemia tolerance of white matter at this point: (1) a low metabolic rate; (2) a high cellular resistance to energy deprivation; or (3) the presence of an oxygen-insensitive energy reserve. The only significant energy reserve in the central nervous system is glycogen, which is largely restricted to astrocytes. 9 There is evidence for an energy shuttle operating between astrocytes and axons in adult white matter, possibly mediated by lactate release and uptake. 10 However, metabolic intermediates such as lactate cannot be used in the absence of oxygen, and the mechanism responsible for the ischemia tolerance of early pre-myelinating white matter is unknown.
MATERIALS AND METHODS
UK home office regulations were followed for all experimental work, which was conducted in accordance with the relevant guidelines and regulations. The animal welfare and ethics committee of the University of Leicester approved all the experimental protocols. Optic nerves were dissected from Lister-hooded rats of both sexes and were perfused with artificial cerebrospinal fluid (aCSF), composition: NaCl 126 mM; KCl 3 mM; NaH 2 PO 4 2 mM; MgSO 4 2 mM; CaCl 2 2 mM; NaHCO 3 26 mM; glucose 10 mM; pH 7.45, bubbled with 5% CO 2 /95% O 2, and maintained at 37°C. For OGD, aCSF was replaced by glucose-free aCSF saturated with a 95% N 2 /5% CO 2 mixture. The chamber atmosphere was switched to 5% CO 2 /95% N 2 during OGD perfusion. Osmolarity of solutions was measured and adjusted as required. Data are represented as mean ± s.e.m., significance was determined by t-test or analysis of variance as appropriate. Reagents were from Sigma (Gillingham, UK) unless otherwise stated.
Electrophysiology
The electrophysiological recording techniques have been describe previously. 8 In brief, compound action potentials (CAPs) were evoked and recorded with glass electrodes, and peak-to-peak amplitude was used to assess changes in excitability. Compound action potentials were evoked via square-wave constant current pulses (Iso stim A320, WPI), amplified (Cyber Amp 320, Axon Instruments, Sunnyvale, CA, USA), subtracted from a parallel differential electrode, filtered (low pass: 800-10,000 Hz), digitized (1401 mini, Cambridge Electronic Design, Cambridge, UK), and displayed on a PC running Signal software (Cambridge Electronic Design). Nonrecoverable CAP loss from the optic nerve indicates irreversible failure of axon function. 11 
Electron Microscopy
RONs were washed in Sorenson's buffer and post-fixed in 3% gluteraldehyde/Sorenson's. Nerves were fixed (2% osmium tetroxide) and dehydrated before epoxy infiltration. Ultrathin sections were counterstained with uranyl acetate, lead citrate, and 1% osmium tetroxide/1.5% potassium ferricyanide before examination with a Jeol (Welwyn Garden City, UK) 100CX electron microscope. For morphometric analysis and viability scoring, axons within a minimum of three grid sections were outlined by hand (Image-J software, NIH, Bethesda, MD, USA), and the axon area and perimeter were measured. Axon diameter was taken as the mean of the longest and shortest widths. Grids were randomly selected and all identifiable axons within the area were included. Axon viability was determined using the following criteria (see ref. 11): (i) the presence of an intact axolemma; (ii) the presence of microtubules; and (iii) the presence of a debris-free axoplasm. Axons that showed two or more of these attributes were considered viable.
RESULTS
The metabolic pathways for energy utilization in white matter include a glycogen energy reserve located in astrocytes and an energy shuttle between astrocytes and axons probably mediated by lactate. After the withdrawal of glucose, glycogen and metabolic intermediates will continue to fuel metabolism and maintain energy-dependent ion homeostasis via transport proteins such as the Na-K ATPase. The extent to which this can maintain excitability in developing axons is shown in Figure 1A , where glucose withdrawal is followed by the gradual failure of the CAP in a representative isolated white matter structure, the P0 RON. The monophasic CAP that is typical at this age 8 shows conduction slowing and CAP decline under 0-glucose conditions. The rate at which glucose withdrawal produced conduction failure was inversely correlated with postnatal age, with significantly different 1/2 time (time taken for a 50% fall in CAP amplitude after the initiation of a challenge) in RONs from P0 to P2 rats compared with those from older animals ( Figure 1B ). Mean 1/2 time was 28.0 ± 2.6 minutes in P0 to P2 RONs (n = 13) compared with 12.2 ± 2.2 minutes in RONs from older animals (P3 tp P14; n = 8, Po 0.001; Figure 3B ).
To examine the importance of metabolic intermediates for maintaining excitability during energy deprivation, glucose and oxygen were withdrawn simultaneously. Compared with the removal of glucose alone, this will block the tricarboxylic acid pathway and leave only glycogen metabolism via glycolysis to support excitability. A similar pattern to that observed during 0-glucose conditions was found under OGD conditions (Figures 2A  and 2B ), where mean 1/2 time was 32.3 ± 4.2 minutes in P0 to P2 rats (n = 14), and 16.1 ± 1.0 minutes in P3 to P17 rats (n = 13, Po 0.001). The similarity in the rate of CAP decline in the P0 to P2 age range between these two conditions (P40.05) indicates that tolerance to energy deprivation in early pre-myelinating white matter is independent of the tricarboxylic acid pathway. Glycogen represents the most significant energy reserve in the central nervous system and glycogen utilization can proceed during OGD via glycolysis. Under zero-glucose conditions, astrocytic glycogen degradation is inhibited by the glucose analog 2-deoxyglucose (2-DOG). 12 Perfusion with 0-glucose+10 mM 2-DOG produced rapid conduction failure in P0 RONs ( Figure 2C ), and the 1/2 time in nerves from P0 to P2 rats (13.8 ± 1.4 minutes, n = 9) was not significantly different from that in nerves from P3 to P14 rats (14.6 ± 1.8 minutes, n = 8; P40.05).
The data in Figure 2 suggest that greater access to glycogen underlies the heightened tolerance to energy deprivation in P0 RON. Alternative explanations include a decrease in metabolic rate at this age, or the presence of a cellular factor such as ionotropic glutamate receptor, 13 or calcium channel, 11 expression in RON after P2 that predisposes to rapid conduction failure during energy deprivation. In either case, axons might function for longer at P0 to P2 with a similar glycogen reserve to that present after P2, although neither hypothesis is consistent with the loss of selective 0-glucose tolerance in the presence of 2-DOG. To test these alternative hypotheses, RONs were exposed to combined chemical block of glycolysis (10 mM NaF) and mitochondrial respiration (1 μg/mL antimycin A), which will halt all energy production inside the cell. 14 Under these conditions, cellular energy reserves are inaccessible and differences in cell metabolic rate are removed. Injury mechanisms will therefore be triggered at the same point in white mater at all ages and a high cellular susceptibility to energy deprivation will predispose to a rapid lossof-function. The effects of metabolic arrest are shown in a repre- Figure 3B . There is no significant difference in 1/2 time between optic nerves from P0 to P2 rats (20.1 ± 2.5 minutes, n = 9) and those from P3 to P15 rats (16.7 ± 3.9 minutes, n = 7; P40.05). The data for all four conditions are pooled in Figure 3C , confirming that significantly longer survival times are found only in P0 RONs during 0-glucose and OGD conditions. P0 to P10 RONs are not subject to irreversible loss of excitability after 60 minutes of 0-glucose perfusion, 8 and therefore do not suffer permanent injury within this time-frame. To test whether glycogen contributes to this effect, we examined CAP recovery in a 60 minutes 0-glucose+2-DOG perfusion protocol applied over a range of ages. CAPs from P0 to adult RONs suffered a variable degree of irreversible conduction failure after 60 minutes perfusion with 0-glucose+2-DOG (Figure 4 ). Compound action potentials recovered to 51.2% over the P0 to P10 age range with no significant difference in P0 to P2 nerves (55.3 ± 6.5% CAP recovery, n = 8) compared with P3 to P11 (43.7 ± 8, n = p; P40.05). Perfusion with 2-DOG alone had no effects on the CAP at any age ( Figure 4C ).
The rate of cellular oxidative metabolism is correlated with the proportion of cell volume given over to mitochondria, and mitochondrial volume fraction calculated from ultra-micrographs is used to examine the relative capacity of cellular elements within adult optic nerve to generate ATP (for example, ref. 15 ). Collages of high-gain ultra-micrographs were constructed from cross-sections of RONs, revealing mitochondrial profiles in axons (for example, Figure 5A 'Mt') and astrocytes (for example, Figure 5B 'Mt') in P0 RON. Mitochondrial volume fraction was calculated from axons at P0 (n = 404 axons) and P10, with nonmyelinated (n = 200) and myelinated (n = 40) axons analyzed separately at P10. No significant differences were observed between these axon populations and values were similar to those reported in mature myelinated optic nerve axons ( Figure 5C ; ref. 15 ). Astrocytes at P0 (n = 6) and P10 (n = 6) were also analyzed, revealing values that were not significantly different from those of the surrounding axons ( Figure 5C ). Immature oligodendrocytes are known to be have an elevated metabolic rate associated with myelin production, and exhibited a mitochondrial volume fraction approximately four times higher than that found in the other cellular elements making up developing white matter ( Figure 5C ; Figure 5D by the pink dots.
The data suggest that glycogen is significant for the heightened tolerance to energy deprivation found in pre-myelinated white matter. Prior studies of mature central nervous system report the presence of glycogen alpha particles in astrocytes but not neuronal elements (for example, ref. 16 ). Ultrathin sections were stained with potassium ferricyanide to enhance glycogen particle contrast and the distribution of particles was examined in highgain ultra-micrograph collages. Individual alpha particles were found only in astrocytes, as indicated in Figures 5A and 5B, (arrows) and for a single astrocyte in Figure 5D by the green dots (blue dots are glycogen particles present in astrocytes processes that were not contiguous with the soma in this plan of section). While ribosomes were occasionally seen in axon profiles, they were distinguished from glycogen particles by comparison to ribosomes attached to endoplasmic reticulum ( Figure 5A 'ER') .
A glycogen energy reserve located in astrocytes cannot be directly transmitted to neighboring axons in the absence of oxygen since metabolic intermediates such as lactate require the operation of oxidative phosphorylation to yield ATP. One possible mechanism whereby the astrocytic energy reserve can protect axons in perinatal white matter would involve the maintenance of astrocyte homeostatic functions during energy deprivation, thus protecting near-bye axons. High-power ultra-micrographs of a large section of P0 RON that had been subjected to 90 minutes of OGD+60 minutes recovery were collaged ( Figure 6A ) to allow the location of healthy axons to be plotted relative to astrocyte somata and processes. In this protocol, the number of identifiable axons that had survived injury was small and there were extensive areas of un-identifiable flocculent debris. The location of all surviving axons, identified by the presence of microtubules and a complete axolemma, are plotted in Figure 6B as green dots. There is a clear injury gradient, with larger number of identifiable axons toward the perimeter of the nerve.
Astrocytes within the nerve section are outlined in various colors in Figure 6A , and the density of axons within a 1-μm zone surrounding these cells is plotted against the depths within the nerve in Figure 6C (black bars). The density of viable axons that are not located in a peri-astrocyte zone is shown in Figure 6C (white bars), revealing higher number of surviving axons immediately around astrocytes at any given depth within the nerve.
DISCUSSION
Developing central white matter is the focus of injury in lesions such as periventricular leukomalacia, which may be the leading correlate of cerebral palsy. 2, 3 Such white matter injuries are ischemic in nature and may include focal necrotic lesions or defuse gliotic changes with a peak incidence between PCW 20 and PCW 32. Ischemia-sensitive Pre-Ols populate the white matter structures affected in increasing numbers from PCW 28, but are present at low densities prior to PCW 28 and the exact timing and focus of proliferation may vary between cortical regions. 2, 17 The co-incidence of the maturation of the oligodendrocyte lineage into the pre-Ol stage with predilection to injury suggests that selective damage to these cells is the key neuropathological event.
Mature-phenotype, GFAP(+) astrocytes are present in the human fetal brain from~PCW 11 to PCW 14, 18 and populate the intermediate zone from PCW 16 to PCW 18. 4 Fibrous white matter astrocytes appear before protoplasmic gray matter astrocytes, and the subsequent expansion of cortical white matter markedly increases the spacing between astrocyte somata. 4, 5 When radial glia are taken into consideration, the fall in support glia (radial glia+astrocyte) density in maturing white matter is dramatic. 19, 20 Studies of glial cell density in central white matter can be confounded by the complex morphological arrangement of tracts containing axons of different diameters and maturational stage. Large differences in astrocyte development have been noted, for example, between closely apposed fiber tracts in the optic radiations. 4 These complications are avoided in the optic nerve, which is a uniform and structurally isolated white matter tract where astrocytes are generated from astrocyte precursor cells rather than by transformation of radial glia. 21 By midgestation, human optic nerve astrocyte maturation is largely complete, predating the onset of myelination by~20 weeks. 16 In rodent studies, astrocyte precursor cell populate the RON at fetal day 17, and GFAP(+) astrocytes are generated continually until the first days of life. 6, 7, 21 Numerous reports find a RON astrocyte population of 70 to 120 cells/cross-section from P0-adult and astrocyte density and relative volume therefore fall as the nerve diameter increases in the perinatal period. 6, [22] [23] [24] [25] A similar phenomena has been reported for numerous white matter tracts in mouse, where GFAP content is maximal immediately before the start of the myelination program and declines thereafter. 26 The current experiments suggest that a fall in astrocyte density as white matter prepares for the onset of myelination underlies a rise in sensitivity to ischemic injury. The high ischemic tolerance of very immature white matter has been observed previously, 8 and has generally been ascribed to a putative low metabolic rate before the arrival of pre-Ols in the RON. However, analysis of mitochondrial volume fraction found no significant difference in energy capacity between P0 and P10 in axons or astrocytes, although P10 oligodendroglia had a higher energy capacity consistent with a high metabolic rate in these cells. In fact, the energy capacity of axons calculated in this way was similar to that reported for mature RON axons, 15 indicating that similar metabolic demands are placed on immature and mature axons. This surprising finding is consistent with reports showing that glucose utilization rate, blood flow, and vascularization reach near-adult levels in central white matter early in development, 27, 28 including in humans (for example, ref. 29) .
Neonatal and mature retinal ganglion cells fire action potentials with a similar mean frequency (~10 Hz). 30 The axons of the neonatal ganglion cells transmit long-duration action potentials down the optic nerve 31 which will require high levels of axonal Na-K ATPase activity to maintain ionic gradients. Saxitoxin-binding studies suggest low levels of voltage-gated Na + channel expression in perinatal RON axons, 32 but we have recently shown that voltage-gated Ca 2+ -channels contribute significantly to the action potential in pre-myelinated axons, 11 and freeze-fracture studies find no significant differences in membrane particle density in RON axons over the first several weeks of life. 33 The area of active membrane mediating an action potential is far greater in a premyelinated axon than in a myelinated axon, and metabolic demand is approximately threefold higher in mature RON axons at their non-myelinated retinal segments than at their myelinated nerve segments. 34 Perinatal RON axons are also undergoing a rapid growth in axolemma volume because of radial expansion, and are heavily loaded with vesicular and tubular elements requiring axoplasmic transport. 11, 35 These considerations are consistent with a relatively high energy capacity in pre-myelinated central axons.
If a low metabolic rate does not account for the high ischemic tolerance of early pre-myelinated white matter, it may be that the cellular mechanisms of injury are different at this point in development. In mature RON axons, ischemic conditions lead to acute injury after influx of Na + and Ca 2+ through voltage-gated Ca 2+ and Na + channels coupled to reverse Na-Ca exchange. 1 Ion channel expression patterns evolve dramatically during postnatal axon development, but not within the first few days of life, 11, 36 while changes in Na-Ca exchange expression have not been examined in developing white matter. Astrocytes in P0 to P4 RON have significantly higher tolerance of ischemia than at P10 because of low levels of Na-Cl-K cotransport expression, which is associated with cytotoxic cell swelling at later periods. [37] [38] [39] Such changes in expression of proteins central to white matter injury must have profound consequences for ischemic tolerance; indeed, there are large differences in the degree of injury incurred during energy deprivation in white matter over the postnatal period (Figure 4; ref. 8 ). However, these events do not appear to underlie the particular ischemic tolerance of early pre-myelinated white matter. Indeed, small pre-myelinated axons indistinguishable from those in P0 RON do not exhibit a high ischemic tolerance in P10 RON. 13 When all metabolic activity was halted in P0 to P2 RON in the current study, elevated ischemia tolerance was lost. If these perinatal nerves were innately resistant to injury, metabolic stasis would be selectively less effective than in older nerves. Indeed, block of glycogenolysis was sufficient to remove ischemia tolerance indicating that it solely was because of an intracellular glycogen reserve. Consistent with studies on human fetal optic nerve, 16 we found no evidence for the presence of glycogen in developing axons themselves. Robust glycogen deposits were present in astrocytes throughout the postnatal period and it appears that this energy reserve is responsible for the elevated ischemia tolerance of early pre-myelinated central white matter. The relative sparing of axons after prolonged ischemia in zones neighboring astrocyte somata that were rich in glycogen deposits is consistent with this hypothesis.
Astrocytes regulate the extracellular environment within which axons function, including regulation of extracellular glutamate. Glutamate transporter expression is particularly high in P2 RON 40 while glutamate receptor activation is central to injury of developing white matter including axons. 13 The mechanisms of axonal injury in ischemic early pre-myelinated white matter have recently been shown to be mediated by glutamate receptors 41 and we can speculate that improved homeostatic regulation of excitotoxins such as glutamate because of a high density of glycogen-rich astrocytes may contribute to ischemia tolerance. The phenomena has considerable clinical relevance, since the first weeks of the PCW 20 to PCW 32 window of peak incidence for PVL predates the proliferation of pre-Ols and corresponds to the period of transition from early premyelinated white matter of high ischemia tolerances to late pre-myelinated white matter with heightened ischemic sensitivity. A similar process may contribute to neurodegenerative diseases of the aging brain. While detecting age-related changes in astrocyte number in humans is technically difficult because of reactive changes in the cells, there is evidence suggesting a decrease. 42 Glial mitochondrial metabolism is also depressed with aging in humans, 43 and taken together these observation are consistent with reduced astrocyte support of neurons in the aging brain that may predispose it to injury after vascular failure or hypoperfusion.
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